A review of applications for tunable diode laser spectroscopy (TDLS) instrumentation in process analytics is presented. We have investigated applications in olefin production suitable for TDLS instrumentation. The possibility to detect acetylene impurities in different hydrocarbon backgrounds was investigated by TDLS in the 3 micron wavelength region using novel GaInAsSb/AlGaAsSb DFB lasers. The performance of the TDLS instrument for detection of acetylene impurities in pure ethylene and in a gas matrix typical of a hydrogenating reactor was investigated more in detail. Experiments with in-situ measurements of hydrocarbons in an industrial environment using a modified Siemens TDLS instrument are also discussed.
INTRODUCTION
Process analytics is used for process optimization, monitoring product quality, plant safety and emission control for regulatory purposes. Instrumentation for process analytics tends to be equipment used by specialists with an emphasis on performance rather than price. However, an increased focus on cost is also noticed. Accuracy, reliability and response time are critical factor in gaining market acceptance. The market for TDLS based analyzer for process analytical applications has rapidly grown and matured during the last decade. It is today a well established technique accepted as the standard choice in many application areas [1, 2] . The TDLS sensor business was initially developed in smaller companies and transferred to major process analytics suppliers by acquisitions. Today the market is served by a number of large process analytical companies around the world, with combined sales approaching several thousand units per year. The market for process analytics is still dominated by traditional extractive techniques using non dispersive infrared sensors (NDIR) and gas chromatographs (GC). However, the TDLS analyzer market is rapidly growing and replacing more traditional techniques in several important application areas.
The early applications for TDLS instrumentation in process analytics were created for combustion control in municipal waste incinerators and coal fired power plants. Large efforts were also made to apply this technique in the metal industry but the very harsh environment has so far limited any large scale use of the TDLS technique in this field. An exception here is the use in aluminum smelters for sensing hydrogen fluoride. Other early applications for TDLS instruments were in the cement industry for process-, safety-, and emission monitoring. The unique selling points for the TDLS technique include no requirement on sample extraction and preparation and as well as insensitivity to cross interference from other gases. Depending on design TDLS analyzers have the potential to offer high sensitivity, rapid compensation for any transmission variations, long calibration intervals and low requirement on maintenance. Using telecom grade lasers these analyzers achieve years of unattended operation. The near infrared wavelength range (NIR) is suitable for measuring a number of gases such as H 2 O, CO, CO 2 , NO, HCl, all important for combustion control. However the line strengths are generally two orders of magnitude below the strength of the transitions in the fundamental absorption bands. However, the low noise and high quality of telecom grade lasers makes it possible to design TDLS instruments capable of detecting fractional absorption on the order of 10 -5 -10 -6 which to a large extent compensates for the low line intensities in the NIR. As shown in Figure 1 there is large potential for improving performance of existing measurement applications and creating new applications for TDLS instrumentation by going to longer wavelengths. Moreover, several important gases such as sulfur dioxide has no suitable absorption bands at all in the NIR but can be measured in the mid-infrared (MIR). In principle there are many laser types covering the entire MIR wavelength range (3 -10 m). However for commercial instruments that require 24/7 operation with minimum maintenance for extended periods of time, the options are more limited. Progress in antimonide DFB laser fabrication has extended the wavelength range of commercial TDLS instrumentation to 2.9 m where several important gases such as CO, CO 2 , CH 4 and NH 3 are accessible in regions reasonable free of water interference [3] . However, for wavelengths longer than 2.9 m there is still a lack of viable room temperature single mode lasers suitable for TDLS instrumentation.
For wavelengths in the range ~4.3 m to ~12.5 m CW room temperature quantum cascade (QC) DFB lasers are commercially available [4] . The market penetration for diode laser instruments for process monitoring applications utilizing QC lasers is still however in its infancy. Considerable research efforts are underway in several laboratories to develop semiconductor lasers that operate in the 3-4 m emission wavelength range. Diode lasers, for which the emission wavelength is determined by the inherent band gap energy of the optically active material, are extending their wavelength range for room temperature single-mode operation beyond 3 m enabling high sensitivity detection of several important hydrocarbons [5] [6] [7] . The project "Photonic sensing of hydrocarbons based on innovative mid infrared lasers" (SensHy) is a European collaborative effort to develop lasers and TDL sensor applications for hydrocarbon applications. Room temperature DFB lasers based on quinary AlGaInAsSb barrier material with record low threshold have been developed in the framework of this project [8] . This approach is very promising for wavelengths below 3.5 m and is already offering a host of interesting applications in hydrocarbon sensing. However, it seems difficult to extend the emission wavelength much beyond this limit using this approach. The GaSb-based interband cascade laser (ICL) however has a large potential to cover the spectral region beyond 3.5 m why this also is an important part of the SensHy effort to develop novel lasers for the 3-4 m wavelength range [9] .
The largest market for process analytics overall is the chemical industry and the oil-and gas industry. These fields are still totally dominated by GC and NDIR sensors which are extractive and have a response time often exceeding one minute. Some on-line process GCs and NDIR instruments has demonstrated shorter response times but they are still to slow to achieve real-time process control. The short response time offered by the TDLS technique therefore has the potential to improve the efficiency of many hydrocarbon manufacturing processes, leading to reduced energy consumption during manufacturing and lower production costs. Rapid analysis is needed to reduce the amount of product that is sent downstream that has off-specification levels. Reduction in wasted product through fast analysis of the quality would lead to substantial savings. The first applications for TDLS analyzers found in this market, such as humidity in natural gas, have gradually transcended the traditional TDLS application areas in size and value. The wavelengths used in these hydrocarbon measurement applications are still all below the range of 2.9 m. In some applications, complex multipath cells have to be used in order to achieve the required sensitivity at these shorter wavelengths. Moreover, many of the components of the gases present in the process stream substantially contribute to background absorption in these shorter wavelength regions. The lack of suitable room temperature single mode diode laser sources in the wavelength range of the fundamental hydrocarbon bands has so far prevented the use of tunable diode laser instrumentation in many other hydrocarbon process analytical applications.
APPLICATIONS IN OLEFIN AND POLYOLEFIN PRODUCTION
Olefin is an unsaturated chemical compound containing at least one carbon-to-carbon double bond. Light olefins such as ethylene and propylene, are basic building blocks used in the modern petrochemical and chemical industries. They are produced mainly from petroleum-based feed stocks by steam cracking. The majority of the ethylene and propylene produced is used in the production of polymers. There are many important analyzer tasks in olefin and polyolefin production such as monitoring of the purity of the feedstock materials. Figure 2 shows a FTIR spectrum of gases typically found in this production. It is clear that the wavelength region below 3.5 m has large possibilities to be used for applications such as monitoring of acetylene impurities in ethylene and in separation of propylene and propane. The stronger absorption lines around 3 m enables a TDLS sensor design with excellent performance using a short absorption path. 
Detection of acetylene impurities in ethylene manufacturing processes.
Two applications has been investigated more in detail namely monitoring of acetylene impurities in pure ethylene and monitoring of acetylene impurities in a dehydrogenating process.
The monitoring of acetylene impurities in polymer grade ethylene is made in order to verify the ethylene plant product, as a quality control during custody transfer and polymerization plant feed. The measurement range is 0 -5 ppm C 2 H 2 in a background of nearly 100% ethylene.
Acetylene is an impurity in the cracking process used to manufacture ethylene and it is important to monitor its presence in order to ensure the quality of the wide range of petrochemical products based on ethylene, especially polyethylene plastics. The dominant method for removing acetylene is through selective hydrogenation. The acetylene converter contains a catalyst that reacts acetylene with hydrogen to form ethylene. The desirable reaction is the reaction of acetylene with hydrogen to form ethylene; C 2 H 2 +H 2 C 2 H 4 . The task is to monitor the acetylene level in order to minimize it. There is an optimum for the reaction; if the reaction is incomplete one gets too much C 2 H 2 if the reaction goes too far some of the ethylene is converted to ethane C 2 H 4 +H 2 C 2 H 6 . Acetylene measurements can be performed at the inlet, mid-bed and outlet of the acetylene converter. Figure 3 schematically shows an acetylene converter comprising two stages. There are minor variations in the background gas composition between the indicated measurement points while the acetylene level varies from 1500 -5000 ppm at the inlet to 0-5 ppm at the outlet of the converter. It is critical that the acetylene level is controlled at the output of the final reactor to reduce the amount of side and waste products out of specification which then will be sent downstream contaminating storage or columns. On-line gas chromatographs are up to now the standard method for monitoring the acetylene levels in the process stream. However, even the fastest chromatographs have a response time exceeding several minutes which is too slow to catch any impurities or which allows process control in real time. Reduction of waste products through fast analysis of the quality leads to substantial savings. The measurement points indicated in Figure 3 , with typical process gas compositions, are all important for process analytical applications.
EXPERIMENTAL
Tunable diode laser spectroscopy in the 3.03-3.06 m region has been performed on acetylene in pure nitrogen background, in pure polymer grade ethylene and in a hydrocarbon background mix typical of a hydrogenation reaction system in order to investigate the performance achievable with this technique. All GaInAsSb/AlGaAsSb DFB lasers used were developed by our partners in the SensHy consortium [5] . Figure 4 shows the experimental setup. To reduce the optical interferences in the system the laser was mounted on a fixture that enabled a linear modulation of the position of the entire laser over several periods of the etalons. The dithering frequency was 36 Hz which is asynchronous with the used wavelength scan. The diverging beam from the laser was collimated by an off-axis parabola with a focal length of 20.3mm, F/0.53. The laser beam was passed through a 15 cm gas absorption cell with wedged CaF 2 windows. Using an identical off-axis parabola the laser radiation was focused on an InAs/InAsSbP detector (Roithner LaserTechnik PD36-05-TEC). The laser injection current and Peltier control was supplied by an ILX LDC-3724 laser driver/Thermo Electric Cooler (TEC) controller. The laser was stabilized at a center wavelength using the built in TEC and the wavelength tuning was realized via modulation of the injection current. To perform Wavelength Modulation Spectroscopy (WMS) a waveform generator supplied a triangular ramp of 23 Hz and a 6 kHz sinusoidal modulation to the laser. The laser emission wavelength was verified using an EXFO WA-1000-IR wave-meter that has an absolute accuracy of ± 2×10 -6 and a resolution of ± 0.001nm. The calibrated gas mixtures were made with a HovagaGas gas mixer (IAS GmbH). 
Measurements on pure acetylene in nitrogen background
In order to investigate the achievable measurement performance for C 2 H 2 in pure N 2 we performed tunable diode laser spectroscopy of acetylene at 3.03 m [7] . We used a GaInAsSb/AlGaAsSb DFB laser from the SensHy project mounted on a TO5 header, without any window in front of the laser. The window on the laser would otherwise limit the ultimate measurement resolution achievable since the entire package, including any window on the laser cap, is moved by the dithering mechanism. This laser had a threshold current of 50 mA at a chip temperature of 15 °C and the output power was 1 mW at an operating current of 70 mA. The laser emitted single-mode at 3.03 m with a side-mode suppression ratio of 35 dB. The laser tuning rate with temperature was 0.2 nm/°C. Figure 5 shows the Allan variance of the detection limit for acetylene normalized for 1 meter path length. A sensitivity of better than 1.5 ppb*m was achieved at an integration time of 800 seconds. At an integration time of 3 seconds a sensitivity of 18 ppb*m is obtained which is very promising for real-time, in-situ, monitoring and control of the acetylene concentration in many important petro-chemical manufacturing processes.
Measurements of acetylene in hydrocarbon backgrounds
Using spectra from Hitran 2008 we established that several acetylene lines around 3.06 m were sufficiently isolated and free from interferences from other gases to be used for the detection of acetylene in hydrocarbon backgrounds. We finally picked the line at 3059.56 nm. In the calculated spectra using Hitran 2008 there is no evidence of interference problems from the hydrocarbons in the used gas matrix at that line [10] . Figure 6 . Spectra of acetylene in a hydrocarbon background typical of a hydrogenating reactor To reach the selected acetylene line we used a GaInAsSb/AlGaAsSb DFB laser emitting at 3060 nm mounted in a TO8 can with a sapphire window and an integrated thermo-electric cooler. The sealed package makes it possible to obtain a wide tuning range while avoiding damage to the laser from condensation of humidity on the laser facet. The laser characteristics are shown in Figure 7 . At 10 °C the threshold current is 60 mA and the output power was 2 mW at an operating current 140 mA. The side-mode suppression was 34 dB. The tuning characteristics of the laser were determined by inserting a 2.54 cm (1") germanium etalon with a free spectral range of 1.43 GHz in front of the detector.
The maximum mode-hop free tuning range of this laser was 40 GHz and the average current tuning was 0.8 GHz/mA @ 23 Hz and 0.3 GHz/mA @ 6 kHz. The current tuning index at 6 kHz was determined using the curve fit routine on the acetylene line at 3059.56 nm [11] . In order to determine the performance of the TDLS setup for acetylene detection in pure polymer grade ethylene gas a amount of 20 ppm C 2 H 2 was added to a sample of ultra high purity C 2 H 4 with a pressure of 962 mbar. Even if the FTIR spectrum in Figure 6 shows no major interfering lines from other hydrocarbons around the acetylene line at 3059.56 nm initial TDL-measurements revealed an ethylene line centered at 3060.00 nm not present in the Hitran 2008 database. In order to achieve sufficient resolution of the acetylene impurity measurement we recorded a background ethylene spectrum using ultra high purity certified ethylene with a guaranteed acetylene concentration below 0.1 ppm. This spectrum was then fitted and subtracted from the 2f-WMS signal from a mixture of pure ethylene where we added a calibrated amount of acetylene. Figure 9 shows the 2f -WMS signal from the acetylene -ethylene mix (blue curve), the reference ethylene spectrum (green curve) and the differential TDLS spectrum (red curve). We found that the measurement is limited by the remaining optical noise from the setup and not by the quality of the subtraction of the reference spectrum. The limiting sensitivity was determined to 250 ppb*m acetylene mainly attributed to the window of the TO8 can.
The detection performance of acetylene in a gas mixture typical of a hydrogenation reactor was investigated by measuring the 2f-WMS signal from acetylene in a calibrated gas mixture of ethylene (67%) and ethane (33%). The reference gas mixture was prepared using high purity gases and a HovaGas gas mixer. To this mixture was then added 20 ppm of acetylene. Figure 10 shows the 2f -WMS signal from acetylene in the ethylene/ethane gas mixture (blue curve), from the reference ethylene/ethane spectrum (green curve) and from the differential TDLS spectrum (red curve). In this measurement the acetylene level was confirmed to be 3 ppm*m corresponding to 20 ppm using a 15 cm cell. It is clear that the quality of the spectral fitting and subtraction procedure is sufficiently high that we are still limited by optical noise why a longer path-length than the 15 cm used in these measurements would improve the sensitivity. 
LAB DEMONSTRATOR
The MIR lasers manufactured by the partners in the SensHy consortium have shown very good performance with excellent tuneability and general characteristics very similar to DFB lasers used for spectroscopy in the near infrared. We have therefore assembled a lab demonstrator by integrating a 3.055 m GaInAsSb/AlGaAsSb DFB laser in a TO5 can into a modified SITRANS SL instrument [12] . Even if many issues remains this shows that the lasers developed in the SensHy project has the potential to be used in MIR process instrumentation in the near future. Figure 11 . SITRANS SL tunable diode laser gas analyzer
CONCLUSION
An overview of the market for process analytics has been made. Application areas with emphasis on the use of TDLS instrumentation in the process industry are presented. The potential to use TDLS analyzers to optimize processes in olefin and polyolefin manufacturing has been discussed. Specifically the detection of acetylene impurities in ethylene manufacturing processes has been investigated more in detail. The performance for detection of acetylene by TDLS in different hydrocarbon backgrounds was investigated in the 3.03 -3.06 m wavelength region using GaInAsSb/AlGaAsSb DFB laser developed in the project "Photonic sensing of hydrocarbons based on innovative mid infrared lasers" (SensHy). Finally, we present a short discussion about the recent successful effort to integrate the novel GaSb based lasers into real TDLS process analytics hardware.
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